Poly(A) can be cross-linked to E_. coli 70S ribosomes in the presence of tRNA Lvs by mild ultraviolet irradiation. The cross-linking reaction is exclusively with the 30S subunit, and involves primarily the RNA moiety. Following a partial nuclease digestion, cross-linked complexes containing poly(A) and fragments of the 16S RNA were isolated by affinity chromatography on oligo(dT)-cellulose. The complexes were purified by gel electrophoresis and subjected to oligonucleotide analysis, which revealed a single cross-link site within positions 1394-1399 of the 16S RNA. The same pattern of crosslinking, at about one-fifth of the intensity, was observed in the absence of tRNA Lvs . The cross-link site to poly(A), together with other sites in the 16S RNA that have been implicated in ribosomal function, is discussed in the framework of our recent model for the three-dimensional structure of 16S RNA; all of the functional sites are clustered together in two distinct groups in the model.
INTRODUCTION
A large amount of effort has been devoted to the study of the sites on the ribosome which interact with ligands such as tRNA or mRNA during the course of protein biosynthesis. In the past, most of this effort has been directed towards an analysis of the ribosomal proteins concerned in the binding of tRNA (see ref. 1 for review) or mRNA (e.g. 2,3). However, attention is also being increasingly focussed on the role of ribosomal RNA in these processes, and in the case of tRNA it has;, been shown that the anticodon loop of the latter can be efficiently cross-linked to position C-1400 of the j!. coli 16S RNA (4) or to the equivalent position in the rRNA of other organisms (5) . The location of this site on the 30S ribosomal subunit has been determined electron microscopically (6) . In another study, a detailed analysis was made of the bases in _E. coli 16S RNA that are shielded by bound tRNA Phe in the presence or absence of poly(U) message (7) .
In the case of mRNA, the "Shine-Dalgarno" interaction (8) with the 3'-terminus of the 16S RNA at the initiation of protein synthesis is now a gen-erally accepted principle, but, in contrast, the available information with regard to the location of mRNA on the rlbosome during peptide chain elongation is les detailed. The binding region of mRNA on the 30S subunit has been located by immune electron microscopy (9) , and there is also electron microscopic evidence that a poly(U) mRNA molecule makes a "U-turn" in the ribosome (10) . It is further known that the ribosome shields approximately 50 nucleotides of the message from nuclease attack (e.g. 11). However, apart from an older report which identified the sites of covalent attachment of an oligo(U)
analogues to 16S RNA at positions 462 and 474 in the latter (12) , there is no information at the nucleotide level relating to neighbourhoods between mRNA and ribosomal RNA during the elongation process.
In order to gain a deeper insight into this question, we have begun a cross-linking programme to map the path of the mRNA through the translating E. coli ribosome, making use of the intra-RNA and RNA-protein cross-linking methodology which we have already developed for the study of the topography of rRNA and protein within the ribosomal subunits (e.g. 13, 14) . In our first experiments, which are described in this paper, we have cross-linked a poly-(A) message to the ribosome (cf. ref. 15) in the presence of tRNA Lvs using a mild ultraviolet irradiation procedure, and have analysed the products of cross-linking to the 16S RNA. Perhaps surprisingly, only a single site of cross-linking was found, at a position immediately adjacent to the C-1400 residue, which as already mentioned above (4) can be cross-linked to the anticodon loop of tRNA. The same cross-link site was also found when the reaction was carried out in the absence of tRNA. In the three-dimensional model of the 16S RNA which we have recently proposed (16) , this position lies deep within the "cleft" of the 30S subunit, between the "head" and the "platform" regions. A further examination of the model shows striking correlations between the positions of (a) these cross-link sites to poly(A) and tRNA, (b) the sites that are shielded by bound tRNA as noted above (7), (c) the nine modified bases in the 16S RNA (17) , and (d) the sites of interaction with various antibiotics (18) . These correlations are described in the final section of the paper, and have led us to suggest a possible mechanism for the movement of tRNA (and mRNA) through the ribosome.
MATERIALS AND METHODS

Preparation of homogeneous fragments of poly(A) or poly(U). 5 mg of poly(A)
or poly(U) (Boehringer, Mannheim) was dissolved in 0. ref. 19) , and the fragments were separated by electrophoresis at 250 V overnight. Narrow bands containing homogeneous polymer fragments (-1 or 2 nucleotides) with chain lengths in the range from 20 to 70 nucleotides were excised from the gel, and extracted with phenol in the presence of SDS (20) .
The aqueous phase from the phenol extraction was filtered through a 0.45 urn Millipore filter, and the polynucleotides were precipitated twice with ethanol.
Where required, 50 >ig aliquots of the isolated polynucleotides were 5'-32 end labelled with y-P-ATP (100 -250 uCi, Amersham) and polynucleotide kinase (10 -50 units., Boehringer), as described by Maxam and Gilbert (19) , with the exception that 50 mM Tris-HCl pH 7.8 was used in place of glycineNaOH pH 9.5. The labelled fragments were re-pufified by gel electrophoresis as above. Specific radioactivities obtained were of the order of 6 x 10 counts /min/jjg. 32 Preparation of 70S ribosomes.
P-labelled ribosomes were prepared from 50 ml cultures of ]2. coli strain MRE 600 by the procedure of Stiege et al (21) , with the exception that the magnesium concentration was raised to 10 mM to keep the 70S ribosomes intact. Unlabelled ribosomes were prepared as in ref.
22. In both cases the 70S particles were isolated by centrifugation through 10 -40% sucrose gradients in 10 mM Tris-HCl pH 7.8, 10 mM magnesium acetate, 100 mM NH^Cl and 6 mM 2-mercaptoethanol. Fractions containing the ribosomes were precipitated with ethanol, redissolved in 25 mM triethanolamine-HCl pH 7.8, 10 mM magnesium acetate, 50 mM KC1, 6 mM 2-mercaptoethanol, and dialysed extensively against the latter buffer.
Preparation and cross-linking of mRNA-70S complexes. Complexes were prepared containing either P-labelled 70S ribosomes and unlabelled poly(A) or poly-32 (U), or unlabelled 70S ribosomes with P-end labelled poly(A) or poly(U) (see above). In each case 5 t^2(sQ un i ts °f 70S ribosomes (ca. 140 pmol) were incubated with a 10-fold molar excess of homogeneous poly(A) or poly(U) fragment, together with a similar 10-fold excess of tRNA Lvs (Subriden RNA, Washington) or tRNA Pne (Boehringer), respectively. The incubation was for 15 min at 37° in 50 mM Tris-HCl pH 7.8, 10 mM magnesium acetate, 160 mM NH4CI and 4 mM 2-mercaptoethanol, in a total volume of 0.2 ml. In control experiments, the tRNA was omitted. The 70S-mRNA complexes, with or without tRNA, were purified by centrifugation through 10 -40% sucrose gradients as described above.
Fractions containing the complex were transferred to a Petri dish so as to give a solution depth of 2 mm, and were cross-linked by ultraviolet irradiation for 5 min, as described in ref. 13 .
The irradiated complexes were precipitated with ethanol, redissolved in 1 ml of 10 mM Tris-HCl pH 7.8, 0.3 mM magnesium acetate, 50 mM KC1, 6 mM 2-mercaptoethanol, and centrifuged through 10 -40% sucrose gradients in the same buffer in order to separate the 30S and 50S subunits. Fractions containing the 30S subunit together with the cross-linked poly(A) or poly(U) were precipitated with ethanol. In experiments where the poly(A) or poly(U) was 32 P-labelled, these subunits were subjected to a further gradient centrifugation step (using 10 -30% sucrose gradients in 10 mM Tris-HCl pH 7.8, 1 mM EDTA and 0.05% SDS) in order to measure the amount of P-homopolymer that was cross-linked to the 16S RNA. In experiments where the 70S ribosomes carried the P-label, the 30S subunit fraction was submitted to a partial digestion with ribonuclease Tj, as the first step in the analysis of the crosslink site on the 16S RNA (see below).
Isolation of fragments of P-labelled 16S RNA crosS-linked to poly(A). linked complexes from the two-dimensional gels were extracted, fully digested with ribonuclease T^, and analysed by the "fingerprint" method on the twodimensional polyethyleneimine cellulose thin-layer chromatography system of Volckaert and Fiers (23), according to our usual procedures (21) . Individual ribonuclease Tj oligonucleotides on the fingerprints were subjected to a secondary digestion with ribonuclease A, followed by a further two-dimensional thin-layer chromatography step, again using our established procedure (21, 23) . The oligonucleotide data were fitted to the 16S RNA sequence of Brosius et al (24) . Radioactivity in the individual complexes isolated from the twodimensional gels was in the range of 2,000 to 20,000 counts/min, or one-fifth of these amounts in the case of complexes prepared in the absence of tRNA Lvs .
In the latter cases, the radioactivity was in general too low to enable secondary digestions to be made.
In some experiments aliquots of the cross-linked complexes (after total digestion with ribonuclease Tj) were re-submitted to the oligo(dT)-cellulose affinity chromatography step. The cellulose was washed six times with the binding buffer (see above) to remove free oligonucleotides, and the residual ribonuclease Tj oligonucleotide-poly(A) cross-linked complex was eluted at 70° as described above. The eluate was concentrated by ethanol precipitation and subjected to the secondary digestion procedure with ribonuclease A.
RESULTS
In preliminary experiments, complexes were constructed from I!, coli 70S ribosomes with either poly(A) and tRNA Lys or poly(U) and tRNA Phe . Homopolymers of uniform chain length were used, so as to ensure the formation of discrete spots in any subsequent gel electrophoretic separations of the crosslinked homopolymer-rRNA complexes. According to the requirements of a part-32 icular experiment, the complexes were prepared either from uniformly Plabelled 70S ribosomes and unlabelled poly(A) or poly(U), or from unlabelled 32 ribosomes and 5'-end P-labelled homopolymer. The preparation of these substrates, together with the method for obtaining homopolymers of uniform chain length by mild alkaline hydrolysis followed by gel electrophoresis, are described in Materials and Methods. reaction were assessed by a series of sucrose gradient runs, using labelled homopolymer and unlabelled 70S ribosomes, and some examples of these gradients are shown in Figure 1 . The 70S-homopolymer-tRNA complexes were prepared in the presence of a ten-fold molar excess of both homopolymer and tRNA, and after incubation this excess was separated by a first sucrose gradient, in 10 mM magnesium (Fig. 1a) . From the specific radioactivity of the homopolymers it could be calculated that ca. 66% of the 70S ribosomes isolated on these gradients had bound a molecule of the messenger RNA in the case of poly(A), and ca. 55% in the case of poly(U). The gradient fractions contain-ing the 70S complex (Fig. la) were the substrate for the cross-linking reaction, which was carried out by a mild ultraviolet irradiation procedure, identical to that previously described for generating intra-RNA cross-links in ribosomes in vivo (13) .
After irradiation, the 70S complexes were applied to a second sucrose gradient, this time in 0.3 mM magnesium, so as to separate the ribosomal subunits. It is clear that, both in the case of poly(A) (Fig. 1b) and poly(U) (Fig. Id) , the remaining P-radioactivity is associated exclusively with the 30S subunit. If the irradiation step was omitted, no significant amounts of 32 P-homopolymer ran with either subunit (not shown), indicating that the ob- The cross-linked 30S subunits were dissociated into their constituent RNA and proteins on a final sucrose gradient run in the presence of SDS, and 32 the result showed that in the case of poly(A) approximately 80% of the Plabel ran with the 16S RNA peak (Fig. 1c) . In the case of poly(U) the corres- In order to develop methodology for determining the site or sites of cross-linking on the 16S RNA, 30S subunits containing the cross-linked poly-(A) or poly(U) (from gradients such as those depicted in Figures 1b and 1d) were subjected to various partial nuclease digestion procedures, and, after proteinase K treatment to remove enzyme and ribosomal protein, we attempted to isolate the cross-linked RNA fragments attached to homopolymer by affinity chromatography with complementary homopolymers bound to cellulose. Preliminary tests, again with 5'-end labelled homopolymer and unlabelled ribosomes, revealed two facts which dictated the strategy adopted in the subsequent experiments. First, when the partial nuclease digestion of the cross-linked 30S subunits was made using cobra venom nuclease (which gives the clearest pattern of partial digestion products (25, 21) ), the homopolymer was also 32 attacked, resulting in a loss of the P-end label. The partial digestions were accordingly made using ribonuclease T instead. Secondly, although Cross-linked 30S subunit complexes that had been prepared from P-labelled 70S ribosomes and unlabelled poly(A), in the presence or absence of tRNA^ys, were partially digested with ribonuclease T«, treated with proteinase K, and adsorbed onto oligo(dT)-cellulose, as described in Materials and
Methods. 01igo(dT)-cellulose was chosen rather than poly(U)-Sepharose for this purpose, as preliminary tests had shown that the former preparation gave the most clearcut separations; as already noted above, cross-linked complexes 32 containing P-labelled poly(A) were quantitatively adsorbed to the oligo(dT)-cellulose, whereas on the other hand in the absence of cross-linked poly(A) no significant radioactivity from P-labelled 16S RNA fragments remained bound to the matrix after the washing procedure. Table 1 shows the fate of 32 the P-radioactivity in the 16S RNA during this affinity chromatography step in a typical cross-linking experiment. The conditions of partial ribonuclease T digestion are difficult to control precisely, and in this particular ex- Table 1 ). The radioactivity recovered (220,000 counts/min in the "plus tRNA" column) is however of the correct order of magnitude, if 3 -4 % of the 16S RNA molecules carried a cross-linked poly(A) molecule (see above), and if the average length of the 16S RNA fragments in the cross-linked complexes was 80 nucleotides (cf. Fig. 4 , below).
It can be seen from Table 1 (cf. the foregoing discussion) that the radioactivity recovered from complexes formed in the absence of tRNA^ys was approximately one-fifth of that recovered when tRNA L y s was present. The Table also indicates that the elution of the complexes from the oligo(dT)-cellulose was essentially quantitative.
The eluted complexes were separated by two-dimensional gel electrophoresis, and examples of the gels obtained are illustrated in Figure 2 . Figure   2a shows the pattern of cross-linked complexes eluted from the oligo(dT)-cellulose (from the same experiment as that of Table 1 ), whereas Figure 2b is 32 the pattern from an aliquot (containing a similar amount of P-radioactivity) of the RNA fragments that were not bound to the cellulose. The latter gel shows a strong diagonal of "free" RNA fragments, with some faint spots lying above this diagonal, which correspond to intra-RNA cross-linked complexes (cf. refs. 13, 21). In contrast, the oligo(dT)-cellulose eluate fraction shows a very characteristic pattern, containing only small amounts of free RNA fragments (Fig. 2a, lower right) , the bulk of the radioactivity being The ribosomal RNA fragments carry the 32p-l a bel. Arrowed complexes were extracted from the gel for further analysis, the lettered complexes corresponding to those shown in Fig. 4 . In the case of smeared spots (e.g. complex E) , elongated pieces of gel containing the whole smeared region were extracted, (b) Control gel run in parallel of an aliquot of the RNA fragments that were not adsorbed by the oligo(dT)-cellulose. The size of the aliquot was chosen so as to contain a similar amount of total 32p-radioactivity as the sample applied to gel (a) (cf. Table 1 Radioactive spots were excised from the two-dimensional gels (e.g. the spots that are arrowed in Figure 2a) , and subjected to total digestion with ribonuclease T . The oligonucleotides were separated using the two-dimensional thin-layer chromatography system of Volckaert and Fiers (23), and a typical example of one of the fingerprints obtained in illustrated in Figure 3a .
Each oligonucleotide spot was further digested with ribonuclease A (cf. refs. (24) is indicated at the top of the diagram, and the black bars show the sequences found, with the "missing" oligonucleotide at positions 1393-1401. The letters A to E refer to the arrowed spots in Fig. 1a . Complex E is the one whose fingerprint is given in Fig. 3a , and the corresponding detailed sequence region (divided into ribonuclease T< oligonucleotides) is included at the bottom of the diagram.
the bottom of Figure 4 . It is of interest to note in passing that in Figure   2a the mobilities of the cross-linked complexes in the first gel dimension are inversely proportional to the length of the 16S RNA fragments contained in the complex (cf. Fig. 4) , whereas in the second dimension the complexes separate into two distinct near-vertical rows. In the left-hand row (contain- it can either be placed as shown in Figure 6b or it can be turned around so as to emerge on the opposite side of the structure just above helix 34. The two modified bases in this helix will therefore belong either to the "cleft" group of sites (as in Fig. 6 ), or to the "m G/helix 18" group, according as to which of the two possible locations for this helix proves to be correct.
It should also be noted that one set of experimental data does not correlate with either of the two groups of sites, namely the positions in 16S RNA re-ported to be cross-linked to an oligo(U) analogue (12) . These positions (G-462 and G-474) are at the end of helix 17 ( Fig. 5) , which is located at the bottom of the 30S subunit in the RNA model (Fig. 6a) . Furthermore, whereas all the other functional sites (Fig. 5 ) are in highly conserved regions of the secondary structure of the 16S RNA (cf. 29), helix 17 is a non-conserved region. Since the binding of the oligo(U) analogue to 30S subunits was only slightly stimulated by tRNA ptie (30) , it seems likely that the reaction with the analogue was at least in part non-specific, and hence that the sites analysed by Wagner et al (12) may not be relevant.
The location of the poly(A) and tRNA cross-link sites in the cleft of the 30S subunit indicates that the "cleft" group of functional sites (Fig. 6) represents the actual binding region of mRNA and tRNA, with the anticodon loop of the tRNA directed downwards into the cleft, and the mRNA running through the deepest part of the cleft. This is consistent with electron microscopic data (summarized in ref. 6) , and with the models of Lake (31) Whether or not the postulated rocking motion of the head of the subunit actually occurs remains of course to be proven. More important at the moment is the fact that, although (as already noted) the functionally-related positions that we have discussed here are widely distributed in both the primary and secondary structure of the 16S RNA (Fig. 5) , they are nonetheless concentrated into two distinct groups in the three-dimensional structure (Fig. 6) .
The 16S RNA model (16) thus has begun to provide a framework for describing functional sites at the nucleotide level in three dimensions.
A number of proposals (1, 31, 36) have been made for the relative locations of the tRNA "A" and "P" sites on the 30S subunit. A crucial factor in testing the relative merits of these proposals will now be to determine in which direction the mRNA runs through the cleft in the RNA model. A further important question to settle is the way in which the mRNA is then "wrapped"
around the subunit, so as to account for the protection of ca. 50 nucleotides of message by 70S ribosomes or 30S subunits (11), as well as for the observation that the entry and exit sites of the message are at the same location (10) . We believe that an extension of the cross-linking approach reported in this paper, using properly phased mRNA analogues carrying affinity labels at appropriate positions such as those used by Stahl and Karpova (3) or Babkina et al (2) , but concentrating on the analysis of cross-link sites to the ribosomal RNA rather than to the ribosomal proteins, should provide definitive answers to these questions.
